Virus-specific antigens in cells infected with herpes simplex virus were separated on a preparative scale by two-stage polyacrylamide-gel electrophoresis. In the first stage, termed 'electrofiltration', the extract was electrophoresed through 3"5 % gel to remove larger aggregates. Antigens in the resulting filtrate were then separated in the second stage by electrophoresis through 7 % gel. The protein was recovered by sectioning the gel followed by overnight elution. Recoveries of abont 70 % were obtained from a I2 to I5 rag. load. Immunodiffusion and analytical electrophoresis both confirmed that separation had been achieved.
INTRODUCTION
Extracts of BHK 21 cells infected with herpes simplex virus contain a number of virus-specific antigens and it has been shown that these can be separated by polyacrylamide-gel immunolectrophoresis (Watson et al. 1966) . This paper describes a method for the preparative separation of some of these antigens by polyacrylamide-gel electrophoresis of crude cell extracts. The solutions of some of the problems encountered in this work are presented since they may also be of value in similar studies on other virus + cell systems.
METHODS
Extracts of infected cells were prepared as described previously (Watson et al. 1966) Briefly, BHK 21 cells infected in suspension with lO p.f.u, herpes simplex virus strain HFEM (cryptogram (Gibbs et al. 1966 ) D/z:68/7:S/S:V/O ) per cell were harvested 12 hr after infection and disrupted in distilled water at a cell concentration of Ioa]ml. in an ultrasonic bath ('Electrosonic', Surgical Instruments Ltd, London). Lipid material was removed by extraction with trifluorotrichloroethane (Arcton I I3, I.C.I. Ltd) and the extract then centrifuged at lOO,OOO g in a Christ Omega II ultracentrifuge for I hr. The supernatant fluid was concentrated by ultrafiltration through ~ in. 'Visking' tubing to give a final protein concentration of 25 to 50 mg./ml.
Antisera to herpes-infected RK I3 cells were produced as described previously (Watson et aL I966) although improved antisera have been obtained by slight modification of the immunization schedule. Young adult rabbits of aUotypic specificity As I/4 were inoculated intramuscularly at fortnightly intervals with seven 20o mg. doses of freeze-dried extract of herpes-infected RK 13 cells in Freund's incomplete adjuvant. The extract used for the first inoculation was inactivated with formaldehyde before freeze-drying. The rabbits were then re-immunized 3 to 6 months later with two further roo mg. doses of extract at an interval of I month between doses. The rabbits were bled IO days after each of these inoculations. Further supplies of sera were obtained after similar re-immunization at intervals of 3 to 6 months. The antisera thus obtained gave better results in immunodiffusion tests than those after the primary inoculation series and only such antisera were used in the present work. The antisera reacted in immunodiffusion tests with infected cell extracts only, there being no reaction with extracts of uninfected B H K 21 or R K t3 cells nor with any of the components of the tissue culture media used.
'Electrofiltration' was performed in a glass tube 8 x 2 cm. kept in a cold room at 4 °. The lower end of the tube was dosed with tightly stretched 'Visking' dialysis tubing and 2 ml. o.o6 M tris+phosphate buffer, pH 6"7, containing 4 ° ~o (w/v) sucrose run into the tube over the dialysis tubing. A I cm. zone of 3"5 ~o (w/v) 'Cyanogum 4I' (B.D.H. Ltd) in 0.o6 M tris+phosphate buffer, pH 6"7, containing 2o~o (w/v) sucrose and 5/zg./ml. riboflavin was carefully layered over the buffer layer. The gel was photopolymerized by exposure to a daylight-type strip lamp after careful superposition of a 2 to 3 mm. layer of distilled water on top of the acrylamide solution. During polymerization the tube was damped with its lower end immersed in buffer of the same composition as the lower buffer zone in the tube. After removal of excess fluid from the polymerized gel another gel containing the sample was layered on top and similarly polymerized. The sample gel was made up to contain 2oo to 3o0 mg. protein at a final concentration no greater than I5 mg./ml. (higher concentrations inhibit gel polymerization) in 4~ (w/v) 'Cyanogum 4 r', the buffer, sucrose, and riboflavin concentrations being as in the lower gel.
A current of 2o mA was then passed through the gel mounted between two electrode tanks, the upper (cathode) containing o.ooI~o bromphenol blue in tris+glycine buffer, pH 8"3, o'o25 M with respect to tris, and the lower (anode) containing 0-06 M, tris +phosphate buffer, pFl 6. 7. The bromophenol blue formed a mobility marker (Davis, i964) which, under the pH conditions used here, was attached to albumin and was therefore not necessarily the leading band. Phenol red from tissue culture medium became visible on concentration as an orange band. Proteins could be detected as refractile bands. On passage into the lower buffer zone at the end of the tube the bromphenol blue band spread by diffusion to colour the whole lower zone light blue. When the 'trailing' glycinate ion (which follows the proteins--see Ornstein, I964) eluted into the buffer zone 'stacking' occurred once again in this zone. As a result, bromphenol blue moved away from the boundary of gel and buffer as it was concentrated towards the anode. In consequence a sharp boundary between blue and clear zones of buffer was observed moving down the zone. This provided a convenient indication of the end of the run after about 3 hr. The tube was removed from the apparatus, inverted and the 'electrofiltrate' removed using a hypodermic syringe. The final volume of'eleetrofiltrate' was about 2"5 ml., osmosis having increased the initial volume of the sucrose containing lower buffer. This osmosis could of course be avoided by incorporating an appropriate concentration of sucrose in the lower tank buffer. However, the osmosis was of some advantage since it served to correct a tendency of the soft gels to sag in the centre. This sag was often quite marked at the beginning of a run but less evident later on. Insertion of a thermometer down the gel at the end of the run indicated that a maximum temperature of 22 ° to 27 ° was attained. This could be reduced by running at a reduced current but such a temperature rise was con-sidered quite acceptable. The 'electrofiltrate' produced by the first stage was used as starting material for the separative stage of the process.
Preparative electrophoretic separation was performed in 8 x I cm. precision bore glass tubes. The gels used were prepared in lengths of 6"5 cm. by polymerization at room temperature of mixtures containing 7 70 (w/v) 'Cyanogum 4I' in 0"375 M tris + chloride buffer, pH 8"9, + 0"0625 70 dimethylaminopropionitrile + 0"0375 70 ammonium persulphate. Using a peristaltic pump, distilled water was fed through a fine glass capillary held near the surface at a rate of less than o.I ml./min, until a 2 to 3 mm. layer of distilled water had formed.
After polymerization the gels were subjected to pre-electrophoresis at 4 ° between electrode tanks containing gel buffer at a current of 15 m_A for 2 hr to remove persulphate and other charged contaminants (Mitchell, I967) . Thereafter the gel was removed from the tube by gently rinsing with water using a fine hypodermic syringe and immersed for 3 days in three changes of gel buffer (5o ml.) at 4 °. Whereas the first wash had a measurable extinction at 26o nm. and 280 nm., the extinction coefficients, E½~ and E½~', for the final wash were less than o.or (Bishop, Claybrook & Spiegelman, 1967) . The ratio E2no/E~so will be referred to as 'extinction ratio'.
At the end of the washing procedure the gel was drawn back into the 8 × I cm. tube so that there was a clear space of 2. 5 cm. at the top end of the tube and excess gel was cut off at the bottom. Since this clear portion of the tube will eventually contain zones of lower ionic strength and therefore of higher electrical resistance, it is important that this length of 2"5 cm. should not be exceeded or there will be difficulties in achieving optimum current during the separation. A spacer gel of 3"5 70 (w/v) acrylamide o'5 to I.I cm. in length was set on top of the 7 70 gel by photo-polymerization at 4 ° as before and finally a sample gel of 4 70 (w/v) acrylamide containing I2 to 15 mg.' electrofiltrate' protein was superposed on the spacer gel. Once again the sample gel composition was arranged so that the protein concentration did not exceed I5 mg./ml. The length of the sample gel was 1.2 to I-8 cm. (depending on the concentration of protein in the 'electrofiltrate' and the total protein load used) and the length of the spacer gel was selected to allow 2 mm. free space at the top of the sample mixture for superposition of a distilled water layer before polymerization.
The tube was then inserted in the sleeve of the upper electrode tank ( Fig. I ) so that it protruded about I cm. below the lower end. (The sleeve was constructed by sealing a sawn-off Perspex syringe barrel (9 × 2 cm.) to a hole cut in a Perspex sandwich box). A sealing gasket (G) held the tube in place and prevented leakage of electrode buffer. Additional cooling during the run was provided by using a peristaltic pump to circulate electrode buffer from a reserve tank cooled in an ice bath. Buffer flowed in at the bottom of the sleeve (through tube A) and was withdrawn from the top (through tube C). Both electrode tanks were filled with tris+glycine buffer, pH 8"3, o'025 M with respect to tris.
Electrophoresis was started at a current of 7"5 nan. Concentration of the sample occurred once more through the sample gel; phenol red and bromophenol blue from the 'electrofiltrate' could be seen moving down through the sample gel followed by refractile bands of protein. When the phenol red entered the 7 70 gel the current was increased to 11 mA and again to 15 mA when the last refractile band entered the 7 70 gel. The refractile bands appeared less sharp as electrophoresis proceeded but sharpened at the increase of current. On some occasions the current was increased further to 17 to 18 mA when the phenol red band had travelled about 2 cm. into the lower gel, at which stage the front refractile band of protein had migrated about 1.2 cm. Once again the increase in current caused a sharpening of the refractile bands. When the front band had moved about 2.o to 2"3 cm. into the lower gel the run was stopped. The phenol red band had usually run about 3"0 cm. and bromophenol blue about 2-8 cm. at this stage. The total time of the run was I to I¼ hr or 3o to 4o min. after phenol red entered the lower gel. The maximum temperature reached in the coolingsleeve buffer was 15°. The gel tube was removed from the sleeve and mounted vertically in a clamp. A tightly fitting rubber plunger lubricated with a drop of detergent was inserted in the lower end and driven up the tube by a clamped screw (pitch 1.2 mm.) until the sample and spacer gels had been extruded. The lower gel was then cut into slices 1.2 mm. in length by turning the screw one revolution and slicing offthe extruded gel segment with a fine scalpel using the fiat ground edges of the tubing as a support. The slices were transferred to small screw-capped bottles containing 0"9 ml. distilled water. The blade was rinsed and dried between each slice. About 32 to 35 slices were 
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155 usually cut, allowing at least five slices after the phenol red band. The slices were cut at 4 ° . The protein was eluted from the gel segments by gentle shaking at 4 ° for 18 to 2o hr (Spiegel, Ozaki & Tyler, 1965) . The resulting fractions were assayed for protein, tested by immunodiffusion in agar and by analytical polyacrylamide electrophoresis.
Analyticalpolyacrylamide electrophoresis was performed in glass tubes io x o'5 cm.
as described by Davis (1964) except that the 7~ gels were pre-electrophoresed and washed as above and that samples were applied in 2o ~o sucrose. Samples of o'o5 ml. of the fractions from preparative electrophoresis were used. Electrophoresis of concentrated cell extracts used 3oo to 4oo/zg. protein and o f ' electrofiltrate' 120 to 15 ° ~g.
Protein was assayed by the Folin-phenol method of Lowry et al. (195I) . Electrophoretically separated fractions were assayed at a dilution corresponding to I/too dilutions of the original o'375 M-tris buffer in the gel. At this concentration tris had a slightly inhibitory effect on the development of the colour reaction and allowance was made for this.
The extinction coefficients of the fractions at 26o nm. and 28o nm. were also measured spectrophotometrically.
Immunodiffusion tests were made in 3 ram. layers of I ~o (w/v) 'Ionagar' no. 2 (Oxoid Ltd) in isotonic saline containing o" t ~o sodium azide. The pattern used consisted of one central antiserum well surrounded by six antigen fraction wells in hexagonal array. The wells were 8 ram. in diameter and each was separated from other wells by 3 mm. of gel (PI. I).
Several such patterns on a IO x 7 cm. gel were arranged with common fraction wells between the patterns (P1. 2 a), allowing all of the electrophoretic fractions to be used once and compared with its neighbours. Three such plates were set up: one with fractions and antiserum used undiluted, the second with fractions undiluted and antiserum diluted I/3, and the third with undiluted antiserum and fractions diluted I]3. Gel plates were used on the day of preparation and were stored in moist boxes at room temperature. Precipitin bands were allowed to develop for 48 to 72 hr.
R E S U L T S

Electrofiltration
In a typical run 9 ml. concentrated cell extract containing 238 mg. protein was incorporated in 18 ml. sample gel giving a 5-6 cm. column of gel in the electrofiltration tube. The electrofiltrate contained 5o mg. of protein in 2"3 ml., the recovery being 22 ~o of the original. The recoveries in 12 electrofiltrations ranged from 21 Yo to 36 ~o with a mean of 28 ~o. Less than 5 ~o of the protein recovered could be extracted from the lower gel. Plate I a shows an immunodiffusion test on the original concentrated gel extract and derived 'electrofiltrate' referred to above. No selective loss of any one antigen was observed, although plainly the loss of protein in 'electrofiltration' was accompanied by loss of antigenic material. Thus if all the antigenic properties of the original material were accounted for by the small proteins recovered in 'electrofiltration', a I/3 dilution of electrofiltrate should have contained at least as much antigenic material as the original sample, since 9 ml. of original material was reduced to 2"3 ml. in the process. In fact, as the gel plate showed, this was not so. It is therefore likely that the larger-sized material removed in 'electrofiltration' possessed antigenic I56 D.H. WATSON determinants also present on smaller molecules which passed into the ' electrofiltrate'. Analytical polyacrylamide electrophoresis (P1. I b) confirmed that there was no selective removal of any of the smaller molecular species in ' electrofiltration'. Although samples may be applied in dense sucrose solution to avoid the use of a sample gel, in which even small proteins may be trapped by polymerization (Heideman, I964) , this was undesirable with the crude cell extracts used here; in the absence of the sample gel to immobilize larger molecules and aggregates there was an accumulation of material at the surface of the gel below the sample layer. This deposit interfered with the smooth running of the 'electrofiltration' by increasing electrical resistance and better results were obtained with a sample gel. In any event, experiments on serum proteins provided no evidence for trapping of protein in the sample gel: similar protein recoveries were found in parallel runs with and without a sample gel.
Electrophoretic separation
The protein eluted from fractions obtained by electrophoretic separation of I2 mg. of the above filtrate (Fig. 2) represented 83 ~o of the input. Recoveries in I2 runs varied from 53 ~o to 83 ~o with a mean of 68 ~. Only 5 ~o to Io ~o of the total protein recovered could be eluted from the spacer gel. Elution of the gel slices for 44 hr only increased the recovery by about 15 ~ of the yield after elution for 2o hr although the average increase for fractions in the upper half of the gel (2o ~o) exceeded that for those in the lower half (Io ~). Usually, as in Fig. 2 , there were three main peaks of protein, the first being in the top fraction. A minor peak coincident with the bromophenol blue marker band was reproducibly observed. The extinction coefficients for the fractions followed the protein values except that there was a strongly absorbing peak in the region of the phenol red marker band which was characterized by a much higher extinction ratio than that for the fractions corresponding to the major protein content. This band is not artifactual since it was not found in 'blank' runs and the total ultraviolet extinction of the fractions did not exceed that of the input. The' electrofiltrate' had an extinction ratio of I'4, and since the ratio for most of the protein-containing fractions was about I, a component with a high ratio would be anticipated. Protein and ultraviolet extinction coefficients sank to a low background level in the fractions beyond the phenol-red marker band.
Plate 2a shows a portion of the large immunodiffusion plate in which undiluted fractions were tested against antiserum diluted I/3. Three precipitin bands were detected with some separation of the corresponding antigens although there was some overlap. Plate 2b shows part of a similar plate from another run with a smaller load where a somewhat better separation of these same three bands was obtained. The presence of the various antigens is marked in Fig. 2 by horizontal bars to show the fraction in which they were detected. The precipitin bands observed in P1. 2a are labelled correspondingly in Fig. 2 (the labelling of the bands is arbitrary but this is adequate until a proper nomenclature has been established for herpes antigens based on structure and function such as that proposed for adenovirus antigens by Ginsberg et al. 0966) ). Not all of the antigens could be detected in one plate: thus, that marked IIIB was only detectable when 1/3 dilutions of the fractions were tested against undiluted antiserum, while that marked IIIA was only detectable when undiluted fractions were tested against I/3 dilutions of antiserum. Sometimes the three plates revealed quantitative differences: thus, the band marked II was detected in fractions IO to 15 when undiluted fractions were tested against 1/3 antiserum, in fractions II to 14 when both were tested undiluted and only in fractions I2 to 13 when fractions diluted 113 were tested against undiluted antiserum. It is not certain that all the bands marked on Fig. 2 represented different antigens as it was not possible to test each against all the others; however, it seems reasonably certain that those marked II, II X, IIIA and IIIB were different and these were reproducibly observed in different runs.
Tests on fraction I regularly revealed 2 or 3 precipitin bands. However, at least two of these were identical with bands observed in other fractions and accordingly we believe that this fraction represents mainly aggregated material.
Plate 2c shows the results of analytical polyacrylamide electrophoresis of some of the fractions. Each fraction was heterogeneous and there was some overlap of fractions; greater homogeneity and less overlap was obtained with smaller protein loads but very little antigenic activity could then be detected. Nevertheless there was a clear difference from one fraction to the next and there was usually one predominant band in fractions from the lower half of the gel. Fraction I showed the presence of bands farther down the gel as well as a strong band in the expected position on top of the gel. It is not certain how far this represented breakdown of aggregated material in elution and subsequent analytical testing of the fraction. No bands were detected in analytical electrophoresis of fraction 25 corresponding to the small protein peak coincident with the bromophenol blue band. This may have been a quantitative defect but it may also be due to poor fixation of small protein molecules in the staining procedure; analytical electrophoresis of 2oo #g. ribonuclease in 7 ~ acrylamide gave only a very faintly stained band and this seemed to become even less intense on storage in 5 ~ acetic acid.
It was at first thought that it would be unnecessary to use a sample gel in electrophoretic separation of previously 'electrofiltered' protein. However, omission of the sample gel led to more diffuse bands in separation (as found by Davis (1964) in analytical electrophoresis); further, it was found that a greater proportion of the recovered protein was present in the top fraction. The reasons for this were not clear but it seemed to be related to the experimental material rather than to the method since similar effects were not observed in experiments on serum proteins.
DISCUSSION
The method of preparative electrophoresis provides a quick and efficient method for separation of antigens. A further advantage is that no expensive apparatus other than a power-pack is required. Elution of protein from the sectioned gel is admittedly slower than methods involving continuous elution of proteins as they migrate from the bottom of a short gel (Jovin, Chrambach & Naughton, 1964) . Attempts to use such methods resulted in considerable dilution of the protein bands unless resolution was sacrificed. This effect was more marked with slower-moving bands and in agreement with Sulitzeanu, Slavin & Yecheskeli (I967) it was concluded that gel slicing and elution was more convenient in practice. The results agree with those of Spiegel et al. (I965) in suggesting that there is no great difficulty in eluting protein from 7 ~o polyacrylamide.
The removal of persulphate by pre-electrophoresis is of prime importance. Brewer (i967) called attention to the loss of enzyme activity in gels containing persulphate; correspondingly in the present work failure to remove persulphate impaired recovery of antigenic activity. Further, in agreement with Mitchell (I967), different patterns of protein bands occurred after analytical electrophoresis in the presence of persulphate. An alternative solution to the problem is to use photo-polymerized 7 ~ gels (Brewer, I967); however, more diffuse protein bands were observed in such gels in both analytical and preparative electrophoresis in agreement with the finding of Davis (I964) that such gels had irregular pore sizes. The exhaustive washing procedure was used to avoid interference in enzyme assays by soluble uncharged components present in the gels. Such components interfere with u.v. absorption measurements and possibly also with protein assays.
Because the infected-cell extracts contained an unknown proportion of host protein, separation of detectable amounts of virus antigen required that the gels be greatly overloaded, resulting in loss of resolution. Running the proteins for a longer distance in the gel results only in greater diffusion of the bands and no useful increase in resolution: similar results were obtained by Davis (I964) in analytical electrophoresis. Wright & Mallmann (I966) achieved a larger running distance without loss of resolution on analytical runs by using a second smaller pore gel below the normal one; a few preliminary experiments have suggested that this modification may also be of value in preparative work.
Nevertheless, despite the overloaded gels used, considerable separation has been achieved without undue loss of antigenicity by excessive dilution. Plainly, further improvement would accrue from preliminary purification to allow reduced loads without reduction in the quantity of individual antigens applied. Removal of host protein by using antiserum to uninfected cells in the form of insohibilized immunosorbent (Stephen, Gallop & Smith, I966; Avrameas & Ternynck, I967)would improve the situation. Immunosorption after 'electrofiltration' would provide an economical approach since it would be unnecessary to waste immunosorbent in removing protein which would not pass into the 'electrofiltrate'. Preliminary fractionation in ion-exchange columns might also be introduced after 'electrofiltration'.
The 'electrofiltration' provides other additional advantages. First, by dividing the process into two stages, heating effects are minimized. Secondly, by removing residual infective virus from the concentrated cell extract, it provides a preparation which can be used to test for the effects of virus antigens on host cell metabolism in the absence of a background of infective virus. Such experiments are now being attempted.
The removal of antigenic protein by 'electrofiltration' as well as the properties of the top fraction of separative electrophoresis have been ascribed to the existence of antigens in aggregated as well as in dispersed forms. Evidence for the aggregation of virus-specific protein comes also from studies on enzymes characteristic of virus infection; thus Keir (I968) showed that the herpes-virus-specific deoxyribonuclease elutes from Sephadex G-2oo largely in the void volume, which would suggest a molecular weight of about Io n (Andrews, i965)--far greater than that usually envisaged for a deoxyribonuclease. Such aggregates may arise from adhesion to fragments of cellular membrane or by binding of protein to DNA. Electron microscopy of herpes-infected cells shows virus particles in the nuclei surrounding electron-dense aggregates (Watson, Wildy & Russell, I964) probably containing both nucleic acid and protein (Love & Wildy, I963 Further characterization of the individual virus-specific antigens separated here would require removal of contaminant host protein. However, the isolation of fractions giving one virus-specific precipitin band allows preparation of antisera specific for the antigen present in that band as described in the following paper (Watson & Wildy, 1969) . Apart from the intrinsic value of such antisera, whose preparation was one of the objectives of this work, their conversion to insoluble immunosorbents might allow separation of virus antigens uncontaminated with host antigen, provided that the antigen could be eluted from the immunosorbent without loss of activity.
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